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ABSTRACT: The permeation parameters of commercial poly(ethylene terephthalate) (PET) films, PET films coat-

ed with SiOx and SiOx-coated PET films laminated onto low density polyethylene (LDPE) film were determined for

methylethylketone (MEK) at 25 �C, 35 �C and 45 �C using the permeation cell/gas chromatography method. Permea-

tion of O2 and water vapor were also determined to monitor overall changes in the barrier properties of the experimental

films. Results showed that the SiOx coating increased the film barrier to MEK by 7–8 times at 25 �C. The barrier to

oxygen and water vapor increased by 40 and 7–8 times respectively after coating at the same temperature. Increase

in temperature by 10 �C resulted in a ten fold increase in permeation rate of MEK and a two fold increase in oxygen

and water vapor permeation rate. Permeation values showed slight variation indicating the need for further development

and standardization of the SiOx web coating process. The web coating speed did not seem to influence the barrier prop-

erties of the films. Permeation coefficient, diffusion coefficient, solubility coefficient and activation energy values for

permeation were calculated for all samples.
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Barrier properties of plastics to gases (O2, CO2,
N2), water vapor and organic vapors are of utmost im-
portance in food packaging applications where the
packaged product’s sensitivity to oxygen, water vapor
and loss or pick up of odorous compounds determines
product quality and shelf life. Such food packaging
applications include snacks, dried soups and sauces,
edible fats, coffee and baked goods but also lightly
processed meat and fish packaged under modified at-
mospheres.1–5

The permeation properties of polymer packaging
materials are influenced by (a) compositional varia-
bles such as chemical composition of the packaging
material and permeant, morphology of the polymer,
concentration of the permeant, presence of co-perme-
ant and (b) environmental and geometric factors such
as temperature, light, relative humidity and packaging
geometry. All these factors must be taken into account
when designing a particular package system.6

Whereas extensive work has been carried out on
permeation of gases and water vapor through poly-
meric packaging materials, permeation data on vola-
tile organic compounds are rather limited.5,7–11 Even
more scarce is data on the effect of environmental fac-
tors (temperature and relative humidity) on the perme-
ation of organic vapors through plastics packaging
materials.12–15

Contemporary high barrier flexible packaging ma-
terials include laminated, coextruded and aluminum-

coated structures using vacuum-coating techniques.
Recently transparent flexible high barrier packaging

materials have been developed based on SiOx deposi-
tion on films such as poly(ethylene terephthalate)
PET, oriented polypropylene (OPP) and oriented
polyamide (OPA).5,16–18 Typically, SiO is sublimed
from the solid state and the SiO vapor is oxidized in
a controlled reactive atmosphere to achieve a degree
of oxidation between 1.5–1.7. The resulting SiOx

coating of thickness �8� 10�6 cm consists of a mix-
ture of SiO (silicon monoxide), Si2O3 (disilicon triox-
ide) and SiO2 (silicon dioxide) and therefore has a
slightly yellowish appearance.16 SiOx-coated plastics
have a number of advantages over conventional alu-
minum coated ones including transparency, retortabil-
ity, microwaveability and the fact that they are not in-
fluenced by humidity.16,19

The objectives of the present work were to deter-
mine (a) the permeation parameters of experimentally
produced SiOx-coated PET films to methylethylketone
(MEK) (b) the effect of coating speed on barrier prop-
erties of above films and (c) the effect of temperature
on the permeation of MEK through SiOx-coated PET
film.
Methylethylketone was chosen as a model com-

pound because of its relatively low molecular weight
and its routine use in converting processes as an adhe-
sive and/or ink solvent.
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EXPERIMENTAL

Materials
Commercial Melinex 800 PET film, 1:2� 10�3 cm

in thickness and 30 cm in width was used in all experi-
ments. SiOx-coated PET films at coating speeds of
2� 102 and 4� 102 cm s�1 (higher coating speed cor-
responds to a thinner layer of SiOx deposited on the
PET surface), as well as SiOx-coated PET films lami-
nated to LDPE 5� 10�3 cm in thickness were provid-
ed by various converting companies that participated
in the project. SiOx deposition was achieved on a Ley-
bold A.G. (Hanau, Germany) laboratory scale vacuum
metallizing unit operating at pressure of 4� 10�4

mbar and a temperature of 1500 �C.
All measurements run on SiOx-coated and coated/

laminated PET films were also made on the base
(PET) film which was taken as the control sample.
Methylethylketone, analytical grade was purchased
from Merck, D-6100, Darmstadt, Germany and used
in all permeation experiments. Mineral oil purchased
from Tudapetrol, Germany was used to dilute the
methylethylketone so as to achieve a sufficiently low
vapor pressure, which would correspond to actual
vapor pressure values encountered in packaged food
products.

Methods
a) Permeation to Methylethylketone
Circular film samples (area: 50.24 cm2) were

mounted to permeation cells (Figure 1) between upper
and lower compartments. Given that film samples
were heterogeneous in nature including conventional
PET, SiOx-coated PET and SiOx-coated PET laminat-
ed to LDPE (PET–SiOx==LDPE), mounting of the film
samples was such that the PET side of the structure
was always facing the cell lower compartment. Vol-
ume of upper compartment was 55 cm3 and of lower
compartment was 140 cm3. Cells were equipped with
Viton-O rings made of a fluorocarbon elastomer and
teflon coated septa to avoid organic vapor sorption/

swelling phenomena. A glass Petri dish, 5 cm in diam-
eter, containing methylethylketone was placed within
a second Petri, dish 8 cm in diameter, containing a sat-
urated NaBr�2H2O solution providing a RH of
58� 2% to the lower compartment of the cell. Cells
were sealed, upper compartment was flushed with
N2 and kept in a model WTB, Binder environmental
chamber at temperatures T ¼ 25, 35 and 45� 1 �C.
Operational temperature range of the environmental
chamber was 4–100 �C (tolerance �1 �C). At prede-
termined time intervals gas samples (volume
0.5 cm3) were collected from the sampling ports using
a gas tight syringe and injected into a Gas Chromato-
graph (GC) with flame ionization detection. To main-
tain a constant, total pressure in the low concentration
cell compartment, the volume of headspace gas re-
moved for analysis was replaced with an equal vol-
ume of nitrogen. The quantity of vapor permeated
with time was monitored until a steady state rate of
diffusion was obtained. The driving force for diffusion
was determined by sampling the high concentration
cell compartment and using the procedure described
above.
In contrast to evaporated aluminum which has a mi-

crocrystalline structure and permeation of penetrant
proceeds through ‘‘pin windows’’ or small uncoated
surfaces on the PET layer, SiOx is deposited as a
glassy continuous network and is therefore totally
amorphous. Permeation in this case proceeds through
‘‘activated’’ diffusion through the SiOx layer.
Chromatographic Conditions A Hewlett Packard
model 5890 GC equipped with a flame ionization de-
tector was used in all tests.
The column used was HP-5 (Crosslinked 5% PH

ME Siloxane) 30m� 0:32mm� 0:25 mm film thick-
ness. Operational temperatures were: Column temper-
ature: 130 �C, Injection port temperature: 150 �C, De-
tector temperature: 250 �C.

b) Permeation to Oxygen and Water Vapor
For the determination of permeation rates of O2 and

water vapor through the samples, the Mocon Oxtran
2/20 and Permatran 3/31 permeability testers were
used, based on coulometric and IR detection respec-
tively. Measurements for O2 were made at RH ¼
58� 1%. Measurements for water vapor were made
at RH ¼ 100%. Temperature in all experiments varied
between 25 �C and 45 �C.
c) Thickness of the SiOx coatings was determined on
cross fractures of coated films, prepared under liquid
N2 using a scanning electron microscope (JOEL, mod-
el JSM-5600). Since the nominal resolution of the in-
strument is 5 nm the film layer thickness was also de-
termined by X-Ray fluorescence (XRF) spectroscopy
using an ASOMA model 200/400 benchtop unit
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Figure 1. Cross sectional view of a permeation cell.
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(Munich, Germany). SEM was also used to produce
surface micrographs of the SiOx coating on PET films.

RESULTS AND DISCUSSION

Permeation to Methylethylketone
The amount of MEK permeated through the film at

a given time was determined based on Fick’s law
equation as described by Adamantiadi et al. (2001).5

A plot of the increase of methylethylketone in the
upper compartment as a function of time resulted in
the permeation curve (Figure 2).
The slope of the steady state portion was deter-

mined and used in combination with the film speci-
men surface area and thickness to calculate the perme-
ation rate and permeation constant using Eqs 1 and 2:

�Q

�t
¼

s

A
ð1Þ

P ¼
s � l

A ��p
ð2Þ

where �Q=�t is the permeation rate
(10�3 g cm�2 s�1), s is the slope of steady state portion
of permeation curve (10�3 g s�1), l is the film thick-
ness (0.0012 cm), A is the surface area of film
(50.24 cm2), �p is the driving force (atm) and P is
the permeation constant of permeant in film
(10�3 g cm�1 s�1 atm�1).
Equation 3 was used to calculate the diffusion coef-

ficient of the permeant in the film assuming that the
film is initially free of permeant and the receiving vol-
ume of the test cell is maintained at essentially zero
concentration of permeant:20

D ¼
l2

6�
ð3Þ

where D is the diffusion coefficient (cm2 s�1) and � is
the lag time (s). The lag time was obtained experimen-

tally as the intercept on the time axis of the steady
state portion of the permeation curve (Figure 2).
The solubility coefficient S (10�3 g cm�3) of the

permeant in the film was determined by substitution
into Eq 4:

P ¼ D � S ð4Þ

Of course the basic assumption for calculation of
above diffusion coefficient (D) and solubility coeffi-
cient (S) values is that films are homogeneous in na-
ture. For films coated with SiOx Eqs 3–5 do not hold
and give apparent D and S.
The temperature dependency of the permeation rate

can be expressed by Eq 5:

P ¼ P0 exp
�EA

RT

� �
ð5Þ

where P0 is a constant, EA is the activation energy for
permeation, R is the gas constant and T is the absolute
temperature.
Initial experiments involving a 50% dilution of

methylethylketone with mineral oil gave no measura-
ble permeation data after 3:88� 106 s (1.5 months)
and were thus discontinued. All further experiments
were run using 100% methylethylketone as the per-
meant.
Table I gives permeation rate, lag time, permeation

constant, diffusion coefficient and solubility coeffi-
cient of conventional PET, SiOx-coated PET and
SiOx-coated PET films laminated to LDPE at 25 �C
and coating speeds 2� 102 and 4� 102 cm s�1. An-
other reason for characterizing diffusion coefficients
and solubility coefficients as Dapparent and Sapparent is
that D and S have no physical meaning for multilayer
materials. The calculation of Dmultilayer and Smultilayer

would require isolation of the PET from the SiOx lay-
er and calculation of D and S for each substrate sepa-
rately.
Based on an average permeation rate of 69:5�

10�11 g cm�2 s�1 for uncoated PET film versus an
average of 9:5� 10�11 g cm�2 s�1 for SiOx coated
PET film one easily establishes an increase in barrier
properties of the latter by a factor of �7 to 8 times. A
respective increase in lag time was observed from
85:5� 103 s (24 h) for the uncoated film to 268�
103 s (74.5 h) for the SiOx-coated film.
Slight variation in permeation rate observed for the

SiOx-coated films can be accounted for, assuming the
existence of small cracks on the surface of the SiOx

layer giving rise to a random local increase in perme-
ation rate. It has been postulated by Sajiki (1991) that
the barrier properties of the silica-coated PET film are
governed by defects, non-homogeneity of both the
surface coating thickness and composition or prefer-
ential diffusion paths, all of which can contribute to
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Figure 2. Determination of lag time for SiOx-coated PET==

LDPE film (coating speed 2� 102 cm s�1).
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the observed permeability. SEM image analysis of the
surface of the SiOx coating (data not shown) supports
this assumption showing irregular cracks and local
fractures of the SiOx layer.
The permeation rates of the SiOx-coated PET are of

the same order of magnitude with those of the SiOx-
coated PET, laminated to LDPE. Such a trend is ex-
pected since LDPE is known to be a poor barrier to
fixed gases (O2, N2, CO2) and organic vapors. Respec-
tive lag times increase from 268� 103 s (74.5 h) to
288� 103 s (80 h), reflecting the additional amount
of time required for the MEK vapor to penetrate the
LDPE layer. Coating speed (2� 102 cm s�1 vs. 4�
102 cm s�1) and corresponding SiOx layer thickness
do not seem to affect, under present experimental con-
ditions, the barrier properties of the coated films. This
is in general agreement with data of Krug and Rübsam
(1990b) according to which a SiOx layer thickness of
�5� 10�6 cm does not affect the permeability of
SiOx-coated PET film structures.
The diffusion coefficient is a measure of how rapid-

ly penetrant molecules are advancing through the
polymer barrier (kinetic parameter), while the solubil-
ity coefficient describes the amount of the penetrant

molecule dissolved in the film at equilibrium condi-
tions (thermodynamic parameter).
Permeation constants decreased by �8 times after

coating of the PET film with SiOx. Diffusion coeffi-
cients slightly decreased (by 3 times) but remained
within the same order of magnitude with those of
the uncoated PET samples. This indicates that the per-
meation process is partly controlled by diffusion
through the PET layer and partly by diffusion through
the silica coating on the polymer.
Solubility coefficients slightly decreased (by 2–3

times) reflecting the decreased amount of MEK dis-
solved in the SiOx layer as compared to the PET layer.
Based on very low D and high S parameters (Table I)
a permeation mechanism controlled purely by diffu-
sion of the penetrant through the composite structure
is suggested. In practice, when dealing with packaging
films of the same permeability, the film possessing a
solubility (S) controlled permeation mechanism would
be preferable due to a lower flavor absorption (flavor
scalping).
Tables II and III present respective permeation data

at 35 and 45 �C. Based on an average permeation rate
of 20:0� 10�10 g cm�2 s�1 for uncoated PET film ver-

Table II. Permeation parameters of PET, SiOx-coated PET and SiOx-coated PET==LDPE films as a function coating speed at 35 �C

CS SiOx LT �Q=�t ¼ s=A LT P Dapparent SapparentMaterial
(102 cm s�1) (10�6 cm) (10�10 g cm�2 s�1) (103 s) (10�13 g cm�1 s�1*720 ppm) (10�12 cm2 s�1) (10�1 g cm�3*720 ppm)

uncoated PET — — 20:0a � 1:8b 47:3� 3:6 24:0� 1:8 5:1� 0:4 4:7� 0:3

PET–SiOx 2 8.4–9.6 7:8� 0:6 86:4� 6:1 4:0� 0:3 2:8� 0:2 1:2� 0:1

PET–SiOx 4 4.6–5.6 7:3� 0:5 89:1� 9:0 4:0� 0:4 2:7� 0:2 1:2� 0:1

PET–SiOx==LDPE 2 8.4–9.6 7:2� 0:5 92:3� 8:8 3:3� 0:3 2:6� 0:3 1:0� 0:1

PET–SiOx==LDPE 4 4.6–5.6 7:6� 0:5 94:7� 8:6 3:1� 0:2 2:5� 0:3 1:0� 0:1

== = laminated CS = coating speed SiOx LT = SiOx layer thickness �Q=�t = permeation rate LT = lag time P= permeation coefficient D

= diffusion coefficient S = solubility coefficient aeach value is the mean of four measurements (n ¼ 4) b SD value.

Table I. Permeation parameters of PET, SiOx-coated PET and SiOx-coated PET==LDPE films as a function coating speed at 25 �C

CS SiOx LT �Q=�t ¼ s=A LT P Dapparent SapparentMaterial
(102 cm s�1) (10�6 cm) (10�11 g cm�2 s�1) (103 s) (10�13 g cm�1 s�1*720 ppm) (10�13 cm2 s�1) (10�1 g cm�3*720 ppm)

uncoated PET — — 69:5a � 5:5b 85:5� 7:4 8:3� 0:6 28:1� 2:4 3:0� 0:3

PET–SiOx 2 8.4–9.6 9:1� 0:7 263� 19:1 1:1� 0:1 9:1� 0:8 1:1� 0:1

PET–SiOx 4 4.6–5.6 9:9� 0:9 274� 24:0 1:2� 0:1 8:8� 0:6 1:4� 0:1

PET–SiOx==LDPE 2 8.4–9.6 7:6� 0:4 279� 28:1 0:9� 0:1 8:6� 0:5 1:1� 0:1

PET–SiOx==LDPE 4 4.6–5.6 7:0� 0:6 297� 22:5 0:8� 0:1 8:1� 0:4 1:1� 0:1

== = laminated CS = coating speed SiOx LT = SiOx layer thickness �Q=�t = permeation rate LT = lag time P= permeation coefficient D

= diffusion coefficient S = solubility coefficient aeach value is the mean of four measurements (n ¼ 4) b SD value.

Table III. Permeation parameters of PET, SiOx-coated PET and SiOx-coated PET==LDPE films as a function coating speed at 45 �C

CS SiOx LT �Q=�t ¼ s=A LT P Dapparent SapparentMaterial
(102 cm s�1) (10�6 cm) (10�9 g cm�2 s�1) (103 s) (10�12 g cm�1 s�1*720 ppm) (10�11 cm2 s�1) (10�1 g cm�3*720 ppm)

uncoated PET — — 61:5a � 4:1b 18:2� 1:6 73:8� 6:8 1:3� 0:1 5:9� 0:4

PET–SiOx 2 8.4–9.6 3:2� 0:3 23:6� 1:9 3:8� 0:3 1:0� 0:1 3:8� 0:3

PET–SiOx 4 4.6–5.6 2:4� 0:2 23:0� 1:8 2:9� 0:3 1:0� 0:1 2:8� 0:3

PET–SiOx==LDPE 2 8.4–9.6 2:0� 0:2 24:7� 2:1 2:4� 0:2 1:0� 0:1 2:4� 0:2

PET–SiOx==LDPE 4 4.6–5.6 2:1� 0:2 25:2� 2:0 2:5� 0:2 0:9� 0:1 2:6� 0:2

== = laminated CS = coating speed SiOx LT = SiOx layer thickness �Q=�t = permeation rate LT = lag time P= permeation coefficient D

= diffusion coefficient S = solubility coefficient aeach value is the mean of four measurements (n ¼ 4) b SD value.

Permeation of Methylethylketone

Polym. J., Vol. 36, No. 3, 2004 201



sus an average of 7:6� 10�10 g cm�2 s�1 for SiOx

coated PET film, an increase in barrier properties of
the latter by a factor of �3 times is obtained at
35 �C (Table II). A respective increase in lag time
was observed from 47:3� 103 s (13 h) for the uncoat-
ed film to 87:8� 103 s (24.4 h) for the SiOx-coated
film. Accordingly based on an average permeation
rate of 61:5� 10�9 g cm�2 s�1 for uncoated PET film
versus an average of 2:8� 10�9 g cm�2 s�1 for SiOx-
coated film, an increase in barrier properties of the lat-
ter by a factor of �26 times is obtained (Table III) at
45 �C. A respective increase in lag time was observed
from 18:2� 103 s (5 h) for the uncoated film to
23:3� 103 s (6.5 h) for the SiOx-coated film.
What is interesting to note is the increase in the per-

meation rate of both the uncoated and SiOx-coated
PET film by approximately one order of magnitude
for a temperature increase equal to 10 �C. Respective-
ly lag times for both the uncoated and the SiOx-coated
PET films increased by a factor of 3 for a temperature
increase equal to 10 �C. This is of primary importance
in commercial food packaging applications where a
fluctuation in temperature by 10 �C i.e. during the
summer months may result in a tenfold rate loss of
the aroma of a particular packaged foodstuff.
Comments regarding permeation, diffusion and sol-

ubility coefficients in Tables II and III are analogous
to those made for Table I. Comparing diffusion coef-
ficient values for a given material at various tempera-
tures, it is clear that diffusion is higher at high temper-
atures. On the other hand the solubility coefficient is
more temperature independent and should decrease
slightly at higher temperatures.14

Present permeation data are two orders of magni-
tude higher than those of Kontominas (1985) who re-
ported a permeation rate for MEK of 8:4� 10�13

g cm�2 s�1 through a two side PVdC coated PP film
at a driving force of 100 ppm. Difference in permea-
tion rate may be attributed to differences in driving
force and the nature/thickness of the composite mate-
rial tested.
Adamantiadi et al. (2001) reported permeation rates

between 2.55 and 10:2� 10�12 g cm�2 s�1 for ethyl
acetate through the same above packaging materials
at a driving force of 600 ppm. These values are one or-
der of magnitude lower than values reported in this
work and may be attributed to differences in nature
of the permeant molecule as well in driving force.
Activation energy values for permeation of MEK

through uncoated PET, SiOx-coated PET and SiOx-
coated PET films laminated to LDPE are given in
Table IV.
Differences in activation energy values between

uncoated and SiOx-coated PET films (85.90 vs.
129.5 kJmol�1) reflect the additional energy required
for MEK to penetrate the glassy SiOx matrix. Activa-
tion energy values for permeation of ethyl acetate
through SiOx-coated PET films equal to 97.21
kJmol�1 were reported by Sajiki (1991). Giacin and
Hernandez (1996) also reported activation energy val-
ues between 104.8 and 116.9 kJmol�1 for permeation
of ethyl acetate through acrylic coated OPP and be-
tween 142.5 and 148.3 kJmol�1 for permeation of tol-
uene through PVdC coated OPP. An activation energy
value of 85.90 kJmol�1 for permeation of MEK
through uncoated PET seems to be high when com-
pared to the activation energy of oxygen gas through
PET below Tg (EA ¼ 33:52 kJmol�1). A possible ex-
planation for this is that the molecular size of MEK is
larger than oxygen and therefore requires a higher ac-
tivation energy for permeation.

Table IV. Activation energy (EA) for permeation of MEK

through uncoated PET, SiOx-coated PET and SiOx-coated PET==

LDPE films at 2� 102 cm s�1 and 4� 102 cm s�1 coating speeds

CS EA
Material

(102 cm s�1) (kJmol�1)

uncoated PET — 85.90

PET–SiOx 2 132.4

PET–SiOx 4 126.5

PET–SiOx==LDPE 2 137.8

PET–SiOx==LDPE 4 133.7

== = laminated CS = coating speed

Table V. Oxygen permeation rates (OPR) of uncoated PET, SiOx-coated PET and SiOx-coated PET==LDPE films as a function of

temperature and coating speed

OPR

Material CS
25 �C

35 �C
45 �C

(102 cm s�1) (10�8 cm3 cm�2 s�1 atm�1)

uncoated PET 12:6a � 0:8b 20:7� 1:8 24:5� 2:0

PET–SiOx 2 0:3� 0 0:5� 0 0:6� 0

PET–SiOx 4 0:4� 0 0:6� 0:1 0:7� 0:1

PET–SiOx==LDPE 2 0:4� 0 0:6� 0:1 0:8� 0:1

PET–SiOx==LDPE 4 0:5� 0 0:9� 0:1 1:3� 0:1

== = laminated RH=0% CS = coating speed aeach value is the mean of four measurements

(n ¼ 4) bSD value
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Permeation to Oxygen
Table V gives oxygen permeation rates for uncoat-

ed, SiOx coated and SiOx-coated/laminated PET film
as a function of temperature and coating speed. The
oxygen barrier of the PET film increased by a factor
of 40 times when coated with SiOx at all temperatures.
Differences in barrier properties of SiOx-coated PET
films with regard to permeation of MEK and oxygen
can be explained by the significantly smaller size of
oxygen as compared to MEK. The oxygen barrier re-
mained in the same order of magnitude after lamina-
tion, indicative of the poor barrier of LDPE to oxygen.
Coating speed did not significantly affect oxygen per-
meation rate. Norton (1961)21 reported permeability
for vitreous silica (thickness 0.27 nm) of 2:8� 10�16

mol cm�2 s�1 atm�1. This corresponds to a value of
2:09� 10�9 cm3 cm�2 s�1 atm (25 �C) for a thickness
of �90 nm (average thickness of SiOx coating in the
present study). Comparison of this value to an average
value of O2 permeation rate of 3:8� 10�9 cm3

cm�2 s�1 atm for SiOx-coated PET films in the present
work implies a rough increase in O2 permeation by a
factor of 2 owed to cracks on the SiOx experimental
coating as compared to the continuous matrix of the
vitreous silica.

Permeation of Water Vapor
Table VI gives water vapor permeation rates for un-

coated, SiOx-coated and SiOx-coated/laminated PET
films as a function of temperature and coating speed.
The water vapor permeation rate of the PET increased
by a factor of 7–8 times when coated with SiOx at all
temperatures. This is in good agreement with MEK
permeation data. The water vapor barrier of the
SiOx–PET further increased after lamination to LDPE
by a factor of 6–7 but remained within the same order
of magnitude as that of SiOx-coated PET, a trend also
shown for oxygen transmission. The slight increase in
water vapor barrier properties of the coated and lami-
nated PET film as compared to the coated PET film
may be attributed to the very good water vapor barrier
properties of polyethylene even though the ‘‘critical’’

barrier in the present case is the SiOx coating.
The higher coating speed (4� 102 cm s�1) resulted

in a water vapor permeation rate (WVPR) about 1.5 to
2 times higher than at lower coating speeds, at all tem-
peratures, but remained within the same order of mag-
nitude as those of the lower coating speed (2�
102 cm s�1). The reason for this is unclear. When
however SiOx-coated PET films were subsequently
laminated, differences in WVPR at the lower and
higher coating speed were diminished due to the very
good water vapor barrier properties of LDPE.
Present oxygen and water vapor permeation rate

values are in good agreement to those in the litera-
ture22 reporting oxygen permeation rate values of
1.5 cm3 m�2 day�1 atm�1 (1:74� 10�9 cm3 cm�2 s�1

atm�1) at 25 �C and RH ¼ 70% for SiOx-coated
PET and 0.5 cm3 m�2 d�1 atm�1 (0:58� 10�9 cm3

cm�2 s�1 atm�1) for SiOx-coated PET/laminated to
CPP, 60� 10�4 cm in thickness. The same author re-
ported a water vapor permeation rate of 1.2 gm�2 d�1

(1:39� 10�9 g cm�2 s�1) at 40 �C and RH=100% for
SiOx-coated PET and 0.5 gm�2 d�1 (0:58� 10�9 g
cm�2 s�1) for SiOx-coated PET/laminated to CPP,
60� 10�4 cm in thickness.
Barrier properties of present experimental materials

as compared to conventional aluminum coated PET
film (O.D. ¼ 2:4), 5 cm3 m�2 d�1 atm�1 (5:79� 10�9

cm3 cm�2 s�1 atm�1) vs. 2 cm3 m�2 d�1 atm�1 (2:31�
10�9 cm3 cm�2 s�1 atm�1) for oxygen and 1.5 gm�2

d�1 (1:74� 10�9 cm3 cm�2 s�1) vs. 0.7 gm�2 d�1

(0:81� 10�9 g cm�2 s�1) for water vapor, are of the
same order of magnitude and thus the SiOx coating
provides an equivalent protection of packaged food-
stuffs to that of the Al coating.
A point that should be stressed with regard to pres-

ent permeation parameter values to MEK is that a
driving force of 720 ppm w/v used throughout the ex-
perimental work is significantly higher than that to be
expected in actual commercial food packaging appli-
cations. Thus under realistic conditions substantially
lower permeation rate values to flavor compounds
should be expected.

Table VI. Water vapor permeation rates (WVPR) of uncoated PET, SiOx-coated PET and SiOx-coated PET==LDPE films as a function

of temperature and coating speed

WVPR

Material CS
25 �C

35 �C
45 �C

(102 cm s�1) (10�9 gm�2 d�1)

uncoated PET 22:7a � 1:9b 48:8� 4:1 64:1� 5:1

PET–SiOx 2 2:9� 0:3 5:8� 0:4 9:0� 0:7

PET–SiOx 4 3:6� 0:4 6:9� 0:5 11:6� 0:9

PET–SiOx==LDPE 2 0:4� 0 0:8� 0:1 1:0� 0:1

PET–SiOx==LDPE 4 0:5� 0 1:0� 0:1 1:2� 0:1

== = laminated RH=100% CS = coating speed aeach value is the mean of four measurements

(n ¼ 4) bSD value.
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In conclusion experimental SiOx-coated PET films
as well as SiOx-coated and laminated to LDPE, PET
films show good barrier properties to both MEK and
water vapor and excellent barrier properties to oxy-
gen. Temperature seems to play a significant role in
the permeation of MEK, increasing its transmission
by approximately two orders of magnitude between
25 and 45 �C. The effect of temperature in oxygen
and water vapor transmission is less pronounced.
The coating speed does not seem to significantly af-
fect barrier properties of experimental films.
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